Biomass-based highly porous carbons with an excellent performance in 
Introduction
In view of the growing concern about the sustainability of our society and environment, biomass plays an essential role in both energy and materials production. In order to minimize the environmental impact of materials production processes, the transformation of biomass into advanced materials needs to be "green". One such process is the one referred to as hydrothermal carbonization. This consists in the thermal treatment of an aqueous solution/dispersion of an organic substance, such as saccharides or biomass, at a low temperature, normally in the 150 -250 ºC range. The process was first used with the purpose of fabricating a functional carbonaceous material in 2005
by Wang et al. [1] and since then, many reports have appeared on the synthesis of carbon materials with outstanding properties by means of this methodology. [2, 3] In this field, our group has demonstrated that the carbonaceous material thus produced, denoted first by us as hydrochar, stands out as being an excellent precursor for highly porous materials since not only is a large porosity development possible, but also control over the pore size distribution and heteroatom doping. [4] [5] [6] [7] What is more, as recently shown, in some cases this process is the key to the successful transformation of biomass into a porous materials [4] and it always ensures a higher yield in the activation process than pure biomass, so that less chemical activating agent is needed (with the corresponding economic and environmental advantages). [8] In this way, advanced activated carbons have been produced from hydrochars obtained from a variety of organic substances, some of them simple such as glucose, starch or furfural, [6] while others are more complex such as sawdust, algae or hemp. [4, 5, 9] All these materials have shown excellent performances in environmental-and/or energy-related applications, such as hydrogen storage, [6] CO 2 capture [4, 5] and supercapacitors. [7, 9] Nevertheless, in the case of the energy storage in supercapacitors there is still need for materials that meet the stringent energy, power, cost and duration requirements of applications such as the storage of the energy produced by renewable sources or energy storage in electric/hybrid/fuel cell vehicles. While cost requirements can be met by using biomass as precursor for electrode materials, the energy, power and duration requirements depend on the design of both the textural and chemical characteristics of the electrode materials so that they fit perfectly the type of electrolyte used. In this respect, several authors have shown that the highest energy densities are achieved when the pore size of the electrode material matches the size of the electrolyte ions (normally 0.7-0.8 nm). [10] [11] [12] [13] [14] [15] However, then, the ions encounter a lot of resistance when penetrating into the pores at high rates, which results in a reduction in power density. [16] [17] [18] To enhance both the energy and power densities, it is necessary to rationally design a pore architecture that combines narrow micropores (high energy density) with a certain number of small mesopores so as to reduce the ion-diffusion resistance (high power density). This strategy has been successfully implemented by Korenblit et al. in their use of micro/mesoporous CDCs carbons as EDLC electrodes in organic electrolyte. [19] The surface chemistry of the electrode materials is also important as it should be compatible with the electrolyte in wettability, stability and redox activity so as to ensure not only high energy and power densities but also durability. For example, Bichat et al. have shown that a large oxygen content in porous carbon materials produces a higher capacitance and stability potential window, although substantial differences are found depending on the pH of the electrolyte used. [20] N-functionalities are known to improve wettability and oxidation stability, and to give rise to redox activity especially in acidic electrolyte. [21] [22] [23] [24] [25] Recently, Pinkert et al. demonstrated the effect of surface functional groups on (ionic liquid)-based carbon supercapacitors. [26] Using a hydrophilic ionic liquid such as EMIBF 4 , they showed that surface chlorination significantly improves the rate capability by lowering the surface polarity. In contrast, oxygen functionalization leads to a decreased capacitance at higher power densities due to an increase in the surface polarity and the incidence of acidic protons as part of the oxygen functionalities.
Herein we show that by tuning the porosity as well as the surface chemistry of hydrochar-derived highly porous carbon materials it is possible to achieve a better matching with the electrolyte used in the supercapacitor. The methodology involves the addition of melamine to the hydrochar/KOH mixture used in the chemical activation process. In this way, whereas hydrochar/KOH mixtures lead to high-surface area carbons whose porosity is essentially constituted by narrow micropores (< 1 nm) and super-micropores (1-2 nm), with virtually no mesopores, hydrochar/KOH/melamine mixtures turn into highsurface area carbons with a bimodal porosity made up of narrow micropores (∼1 nm) and small mesopores (2-5 nm). In addition, the presence of melamine in the reaction mixture leads to the incorporation of a certain number of nitrogen functional groups along with more oxygen functionalities, both of which improve the surface wettability of the carbon. In this way, even though both kinds of carbon materials perform well in aqueous electrolytes (i. 
Results and discussion

Structural and chemical characteristics of the hydrochar-based porous carbons
The morphology of the porous carbons was examined by scanning electron microscopy (SEM). The SEM images displayed in Figures 1a and 1b reveal that, independently of the synthesis route used, the carbon particles have an irregular shape with large conchoidal cavities and a smooth surface. In addition, the size of the particles is also similar, in the 10-100 μm range (see Table 1 ).
Furthermore, the textural parameters listed in Table 1 Table 1 . These nitrogen heteroatoms originate from the decomposition of the carbon nitride (g-C 3 N 4 ) formed from the polymerization of melamine at temperatures > 550 ºC, as we described in detail elsewhere. [21] XPS analysis (see Figure S2 in Supporting Information) reveals that N is distributed in N-pyridinic (398.2 eV, 23 %), N-pyrrolic/N-pyridonic (400.1 eV, 66 %), and pyridine-N-oxides (402.3 eV, 11 %). [27] As a consequence of their large pore volume, the carbons synthesized in the presence of melamine exhibit low packing densities and also a significant reduction in electronic conductivity owing to the loss of intraparticle connectivity. Thus, whereas the carbons produced in the absence of melamine exhibit electronic conductivities of 4.5-4.6
S cm -1 and packing densities of ∼ 0.4-0.5 g cm -3 , those produced with melamine
show electronic conductivity values of ∼ 1.2-1.3 S/cm and packing densities of ∼ 0.3 g cm -3 (see Table 1 ). Generally speaking, the packing density values are typical of highly activated carbons. [28, 29] The biomass-derived activated carbons exhibit similar electronic conductivities to advanced carbon materials used as electrodes in supercapacitors. This is especially true for the carbons produced in the absence of melamine. For example, they have values that are close to those reported by Ruoff's group for activated graphene (5 S cm -1 ), [30] to that of the conductive additive Super C65 (5.2 S cm -1 ) or to that of an activated carbon specifically designed for supercapacitor applications such as Supra DLC-50 (4.3 S cm -1 ).
Supercapacitor performance of the hydrochar-based porous carbons
In the present work, the electrochemical performance of the biomass- However, the 45º Warburg region (which is related to the resistance to ion transport within the porous structure, i.e. the equivalent distributed resistance EDR) is substantially longer for AG-0 than for AG-M, resulting in an EDR value of 0.13 Ω for AG-0 and 0.05 Ω for AG-M. Nevertheless, the performance of all these materials is outstanding taking into account that such low IR drops at discharge rates as high as 100 A g -1 have hardly ever been reported in the literature. [38, 39] What is more, these materials are able to store up to ~ 9 -11
Wh kg -1 at a specific power of ~ 250 W kg -1 and still deliver 3.5-4.6 Wh kg -1 at 24-33 kW kg -1 (charging time = 0.4-0.6 s), placing them in the category of topperformance materials (see Figure S3a) . at the cell voltage of 1 V. As can be seen in Figure 3 , the AG-0 carbon shows a capacitance loss of 3 % coupled to an increase in the DC ESR of 6 %, whereas AS-M loses 2 % of capacitance and undergoes an increase in DC ESR of 8 %.
Both of these end-of-life criteria are well below the limits established by manufacturers, i.e. the initial capacitance is reduced by 20 % or the ESR is increased by 100 %, [40] confirming the robustness of the supercapacitors. ). We attribute this behavior not only to the large number of mesopores present in the AG-M and AS-M carbons, but also to their better electrolyte wettability as nitrogen and oxygen functionalities are known for increasing the surface polarity of carbon materials. [43, 44] In this respect, we observed that AG-M and AS-M were completely wetted by the electrolyte (when soaked in the electrolyte solution, they sank), whereas AG-0 and AS-0 were hardly wetted by the electrolyte (when soaked, they floated).
The activated carbons prepared from mixtures of melamine and hydrochar exhibit at 1 V in Li 2 SO 4 a rate capability that is among the best values so far reported for a neutral electrolyte, as can be deduced from Table S1 .
Indeed, the superior energy and power characteristics at high rates (> 1 kW kg To evaluate the robustness of the Li 2 SO 4 -based supercapacitors, 5000 galvanostatic CD cycles were carried out at 10 A g -1 and at a cell voltage of 1 V.
As can be seen in Figure S5 , there is virtually no drop in capacitance nor any increase in the DC ESR evidencing the viability of these EDLC systems for long-term utilization. [ 41, 43, 44, 47] However, only a few authors have investigated the use of biomass-derived activated carbons in this respect. [20, 48] In this work, we have AS-M, the initial increase of specific capacitance is ascribable to a dual factor of hydrogen electro-sorption and carbon oxidation as measured in a special twoelectrode cell provided with a reference electrode (data not shown). Similar results have been found by other authors. [44, 49] More importantly, the results in Figure 5a reveal that, in the case of the AS-M sample, the loss of capacitance at cell voltages < 1.6 V is lower than 6 % at each cell voltage after 5000 to 15000 cycles. By contrast, for the sample synthesized without melamine AS-0, the maximum working cell voltage is 1.4 V, voltage at which the capacitance loss after 10000 cycles is around 8 % (see Figure 5b ). At higher cell voltages, a dramatic decrease in capacitance is recorded (see Figure 5 ). The different electrochemical stability is due to the irreversible oxidation of carbon at the working potential of the positive electrode, which is the result of the chemical differences existing between the two samples. Thus, the measured open circuit potential (OCP) of AS-0 is displaced towards higher potentials by 0.1 V in comparison to that of AS-M, so that the positive electrode of AS-0 works in the 2-electrode cell at a higher potential than that of AS-M for the same cell voltage.
As well, the higher initial increase of capacitance at cell voltages > 1.4-1.5 V in the case of AS-0 (see Figure 5b) , suggests a lower oxidation resistance than that of AS-M. In this respect, we demonstrated in a previous work that N-doping shifts carbon oxidation towards higher potentials. [21] Likewise, Bichat et al. have shown that porous carbons with rich N/O functionalization (11.5 at.% O and 2.6
at.% N), and then similar to AS-M, exhibit a larger overpotential for carbon oxidation than less functionalized carbons (7.3 at.% O and 1.4 at.% N). [20] Furthermore, Gao found that the contact between the active electrode mass and the current collector affects the stability of the supercapacitor so that a better contact ensures a larger working voltage window. 
Conclusions
To summarize, it has been shown that biomass-based hydrochar materials constitute an excellent "green" precursor for the synthesis of highly porous increase with p/po. [50] The total pore volume was determined from the amount of nitrogen adsorbed at a relative pressure (P/P 0 ) of 0.95, whereas the micropore volume was determined using the Dubinin-Radushkevich equation. [51] The pore size distributions (PSD) were determined by means of the Quench Solid State Density Functional Theory (QSDFT) method for nitrogen. [52, 53] Scanning electron microscopy (SEM) images were obtained on a Quanta 
Electrochemical measurements
The electrodes were composed of 85 wt% active material, 10 wt% polytetrafluoroethylene (PTFE) binder (Aldrich, 60 wt% suspension in water) and 5% Super P (Timcal). The electrochemical measurements were performed in two-electrode Swagelok™ type cells using stainless steel current collectors 
where dV/dt = the slope of the discharge curve (V s -1 ).
To trace the Ragone plots, the specific energy (Wh kg -1 ) and power (kW kg -1 )
were calculated using the following formulae: frequency. [54, 55] The resistance of the electrode/current collector interface (R i )
was calculated from the second intercept of the high frequency semicircle loop with the real impedance axis (after subtraction of the ESR). [55] The equivalent distributed resistance (EDR) was determined from the linear projection of the vertical portion at low frequencies to the real axis (after subtraction of the ESR and R i ).
[54] 
